Abstract-The computational modelling of the human eye has been wide studied for different sectors of the scientific and technological community. One of the main reasons for this increasing interest is the possibility to reproduce eye optic properties by means of computational simulations, becoming possible the development of efficient devices to treat and to correct the problems of the vision. This work explores this aspect still little investigated of the modelling of the visual system, considering a computational sketch that make possible the use of real data in the modelling and simulation of the human visual system. Using corneal topography to collect real data from patients, a computational model of cornea is constructed and a set of simulations were build to ensure the correctness of the system and to investigate the effect of corneal abnormalities in retinal image formation.
I. INTRODUCTION
The interest in understanding quality of vision, the optical properties of the human eye and its relation to physical and physiological properties of its components, is very ancient . Helmholtz, in the 19th century, was one of the pioneers in this study, which was compiled in the famous collection Helmholtz Treatise in Physiological Optics [1] . Since then, a great amount of techniques and instrumentation for visual quality measurements were implemented. Today they form a collection of tools that aid the eye care professional in providing the best diagnostic and treatment to their patients.1
In the early 80s, many companies were starting to introduce refractive lasers for correction of myopia. Because of this possibility, better instrumentation was required in order to analyse the pre and post shape of the entire corneal surface. With the advent of more powerful and price attractive micro-computers a new line of equipments for corneal surface analysis started to take place over the conventional keratometers. These instruments, popularly known as Corneal Topographers or Videokeratographers, are based on the 19th century Placido Disc [2] . In opposite to the advances in computer aided surgical procedures, computer simulation of the human eye has not experienced the same technological growth. In fact, even basic questions such as the computational modelling of the structures comprising the human eye system and how to simulate the projection of an image onto the retina for a specific eye have not been addressed properly. Furthermore, few works devoted to simulate the optimal correction for aberrations and lens accommodation process have been proposed. This work presents a step toward tackling some of the questions above, proposing a framework for computational modelling and simulation of the human eye system. Making use of geometric modelling and computer graphics techniques the proposed approach is able to handle both synthetic and in vivo corneal topography data from which is possible to visualise and analysis retinal images of a specific eye. The system, called Virtual Eye (VEye), presents some characteristics not found in other approaches described in the literature.
II. THE VEYE SYSTEM
The VEye system is divided in three main modules, namely: modelling, simulation, and visualisation. Modelling aims at structuring the components of the eye, such as cornea, retina and crystalline lens. Simulation is responsible for the optical system, casting rays and computing the intersections and refraction of the rays. The simulation results are handled by the visualisation module.
The simulation module section is responsible for modelling the three main components of the eye: cornea, retina and crystalline lens. The cornea is approximated by a triangular mesh that fits a set of points. The set of points can be either obtained from a corneal topograph, in this case the mesh approximates a real cornea, or by computational simulation. Figure 1 shows the process of construction of cornea based on triangle strips.
The retina is modelled from the schematic eye proposed by Emsley [3]. Emsley's schematic eye was adopted essentially because of its simplicity. A multi-level triangular mesh is employed to model the retina. The mesh is generated by refining an initial polyhedron whose vertices are on the Emsley's schematic eye. Distinct levels of refinement are employed in each part of the retina aim at reproducing the distribution of photoreceptors. The user may set up the number of layers and the level of refinement to be applied in the layer containing the fovea. The refinement process takes each triangle of the mesh (starting with the initial polyhedron) and subdivides it by introducing the median point of each edge of the triangle, thus generating 4 new triangles. The level of refinement (number of times that each triangle will be divide) given by the user is applied at fovea layer. The previous layer will have one refinement level less than the current one, and so on. Each new vertex created by the refinement is projected on the sphere defined by Emsley's schematic eye. Figure 2 shows a complete retinal model with 4 layers and 5 refinements at the foveal layer. Crystalline lens has been modelled from Gullstrand's eye model [4] , which defines the anterior lens as a sphere of radius 10mm and the posterior lens as a sphere of radius 6mm. The meshes for both anterior and posterior lens are also generated by a refinement process. An initial polyhedron is defined from four points on the plane where the lens meet and one point on the apex of each len. Each triangle is divided in four new ones and the new vertices projected on the spheres that define the lens. Figure 3 shows the Crystalline lens with two levels of refinement. It is worth noting that in our approach the crystalline lens are modelled to be focused in infinity. The simulation module consists in casting rays toward the eye, computing the refractions in the cornea and crystalline lens, finally obtaining the intersection points among rays and retina (ray-tracing process). The calculation of refractions involves two geometrical estimates: the intersection points among rays and the lens (cornea and crystalline) and normal vectors in these intersection points The visualisation module is comprised of a set of graphical tools devoted to visualise the mesh models and the output of the simulation module. The meshes can be visualised either in wire-frame or shading. Examples of wire-frame visualisation has been presented in Figure 6 . Figure 5 shows a view of all eye components in shading. The ray-tracing process can be visualised, as illustrated in Figure 6 . There are two alternatives for presentation of the simulation results. We can use either the vertices of the mesh or plot the 
